Up-to-date the flavivirus infection in avian taxa is not clearly defined. Several reports have 3 demonstrated that many viruses belonging to Flaviviridae may cause diseases in poultry species; 4 however, the susceptibility of other avian species is variable and still unclear. In human and mice, the 5 2'-5'-oligoadenylate synthetase (OAS) proteins are associated with resistance to the flavivirus 6 infection as well as other virus infections. However, the avian OAS proteins are rarely studied. In our 7 previous studies, we confirmed that the chicken OAS-like protein (chOASL) expressed OAS-8 enzymatic activity (the classical OAS/RNase L-dependent pathway) as well as the anti-flavivirus 9 activity (the putative OAS/RNase L-independent pathway). Therefore, the current study aimed at 10 functional analysis of avian OAS proteins from duck, goose, and ostrich. The duOASL, goOASL, 11 and osOAS1 proteins expressed enzymatic activity as well as chOASL, whereas osOASL expressed 12 little enzymatic activity. On the other hand, duOASL, goOASL, and osOASL possessed significant 13 antiviral activity against West Nile virus (WNV)-replicon replication as well as chOASL, whereas 14 osOAS1 did not. In addition, similar to chOASL, their antiviral activity was independent of RNase L 15 activation. These results suggest that OASL is the only OAS protein in the duck and goose as well as 16 chicken and possesses both OAS-enzymatic and anti-flavivirus activities, whereas the ostrich 17 possesses both OAS1 and OASL proteins with sharing the functional activities, OAS-enzymatic and 18
the Oas1 gene shows interesting multiplication of eight paralogues (ex. Oas1a to Oas1h in mice) 23 (Justesen et al., 2000; Kjaer et al., 2009; Perelygin et al., 2006) . However, in avian species, the only 24 well characterized OAS gene is the chicken OASL, a single copy gene located on chromosome 12 25 encoding two alternatively spliced alleles, chOASL-A and chOASL-B (Tatsumi et al., 2002 and 2003; 26 1 Activation of the classical OAS/RNase L pathway results in degradation of both viral and 2 cellular RNA including ribosomal RNA of infected cells. Thereafter, the protein translation is 3 inhibited in these cells and viral replication is effectively prevented (Silverman, 2007; Tkachuk, 2013) . 4 Similarly, the chOASL/RNase L pathway might be involved in the response to avian infectious 5 bronchitis virus (IBV) infection (Cong et al., 2013) . However, it has been recently confirmed that 6 several members of the OAS protein family such as human OASL/a (huOASL/a) and murine Oas1b 7 (mOas1b) can prevent viral replication through OAS/RNase L-independent pathway, in which these 8 proteins associate with WNV resistance without showing OAS enzymatic activity (Kajaste-Rudnitski 9 et al., 2006; Kristiansen et al., 2011; Marques et al., 2008; Moritoh et al., 2009; Perelygin et al., 2002; 10 Scherbik et al., 2007; Zhu et al., 2014) . Recently, we reported that the chOASL protein possessed 11 antiviral activity against WNV and this antiviral activity was independent of its enzymatic activity 12 (Tag-EL- Din-Hassan et al., 2012 and 2017) . In addition, Li et al. (2007) found that the relative 13 expression of chOASL mRNA significantly increased in an IFN-independent manner in chicken 14 embryo cells infected with infectious bursal diseases virus (IBDV), where the expression level of IFN 15 mRNA was rarely upregulated, indicating that the chOASL might play a role in viral sensing in 16 chicken (Lee et al., 2014) . Furthermore, the chOASL/RNase L pathway plays a role in regulating the 17 oviduct weight, ovalbumin, and estrogen-induced mRNA of egg white proteins, indicating that the 18 chOASL protein is a multifunctional factor (Cohrs et al., 1988) . 19 Therefore, this research aims at functional analysis of avian OAS families from duck, goose, 20 and ostrich by comparing that of chOASL. Blood samples were collected from adult mallard ducks and white Chinese geese (reared in 5 Sapporo Maruyama Zoo, Sapporo, Hokkaido, Japan) in heparinized blood collection tubes to prevent 6 blood coagulation. Blood samples were centrifuged at 400 Xg for 15 min at room temperature (RT), 7 pellets were suspended in 10 ml of phosphate-buffered saline (PBS), and then, carefully layered on 8 3.0 ml of HISTOPAQUE-1077 (Sigma-Aldrich, St. Louis, MO, USA) followed by centrifugation at 9 400 Xg for 30 min at RT. The opaque interface layer containing leukocytes was collected and 10 transferred into a new tube, washed twice with 10 ml of PBS, and then centrifuged at 250 Xg for 10 11 min at RT. Thereafter, the leukocytes were suspended and cultured in 10 ml of RPMI 1640 medium 12 (Gibco/Invitrogen, Carlsbad, CA, USA) containing 1% penicillin/streptomycin/glutamine 13 (Gibco/Invitrogen), 10% fetal bovine serum (FBS) (Atlas Biologicals, Inc. Fort Collins, CO, USA), 14 1μg/ml phytohaemagglutinin P (Sigma-Aldrich), and 10 μg/ml pokeweed mitogen (Sigma-Aldrich) 15 in a 5% CO2 incubator at 37 °C for 48 h. Biologicals) and 1% penicillin/streptomycin/glutamine (Gibco/Invitrogen). Cells were cultured in a 23 5% CO2 incubator at 37 °C and passaged every two days. Duck and goose leukocytes cultured with mitogens for 48 h and ostrich renal epithelial cells were 2 treated with 3,000 IU/ml of IFNα-2β (INTRON ® A, MSD K.K., Tokyo, Japan) for 6 h, and then, total 3 RNA was extracted. In addition, both BHK-21 and 293FT cells were treated with 3,000 IU/ml of 4 IFNα-2β for 24 h, and then, the whole cell lysates were extracted and stored at -80 °C until used. Total RNA was extracted using TRIZOL reagent (Gibco/Invitrogen) according to the 9 manufacturer's protocol and concentration of RNA was determined using SmartSpec TM (BioRad, 10 Hercules, CA, USA). Purified total RNA (1 µg) was used to generate cDNA using ReverTra Ace ® 11 (Toyobo Co., Ltd. Osaka, Japan) according to manufacturer's protocol. The condition for reverse 12 transcription was 42 °C for 60 min followed by 5 min at 99 °C. The synthesized cDNA was stored at 13 -20 °C until used. Total RNA samples extracted from the duck and goose leukocytes and ostrich renal epithelial 18 cells were used for the cloning and sequencing of full-length mRNA of duOASL, goOASL, osOASL, 19 and osOAS1. 20 At first, since full length sequence of duOASL and goOASL were not available in database, 5'-21 and 3'-UTR ends of duOASL and goOASL were cloned using the 5'/3' RACE Kit, 2nd generation 22 (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer's protocol. Table   23 1 shows the primers used in this study. Then, the full-length cDNAs of goOASL and duOASL were 24 amplified using specific primers for duck and goose OASL (Table 1) using TaKaRa Ex Taq ® 25 polymerase (Takara Bio. Inc., Otsu, Shiga, Japan). The PCR conditions are as follows; denature at 26 8 95 °C for 5 min, followed by 35 cycles of denature at 95 °C for 30 sec, annealing at 60 °C for 30 sec, 1 and extension at 72 °C for 2 min, followed by a final extension at 72 °C for 2 min. The amplified 2 fragments were extracted, ligated into pGEM-T-Easy vector, and then transfected into DH5α E. coli 3 competent cells. Plasmids were then extracted and sequenced.
4
The open reading frames (ORF) of duOASL, goOASL, osOASL, and osOAS1 were amplified 5 using specific primers (Table 1) to conjugate the FLAG-TAG sequence at the 3'-end as well as the 6 NotI restriction site at both 5'-and 3'-ends using the KOD FX NEO polymerase (Toyobo Co., Ltd.) 7 according to the manufacturer's protocol. To amplify duOASL and goOASL, pGEM-T-Easy plasmids 8 described above were used as template. To amplify osOASL and osOAS1, cDNA prepared from total 9 RNA of ostrich renal cells was used as template. A chOASL-A clone conjugated with FLAG-TAG and 10 NotI restriction site was previously prepared (Tag-EL-Din-Hassan et al., 2012 and 2017) . The 11 amplified fragments were extracted and digested with NotI restriction enzyme (Toyobo Co., Ltd.), 12 and then purified and cloned into the NotI restriction site of the pIRES-EGFP (the mammalian 13 expression vector, Clontech Bio. Inc., Shiga, Japan). Similarly, the ORFs of duRNASEL and 14 osRNASEL were amplified using specific primers (Table 1) , extracted and cloned to pGEM-T-Easy 15 vector, digested with NotI restriction enzyme, and then cloned into pIRES-EGFP. In this study, all 16 DNA fragment extraction from agarose gel was performed using FastGene Gel/PCR Extraction Kit 17 (Nippon Genetics Co., Ltd, Tokyo, Japan). All cloning reactions were performed using 2X Ligation-18 Convenience Kit (Wako Nippon Gene Co., Ltd., Toyama, Japan) according to the manufacturer's 19 protocol. All transfections were performed using DH5α E. coli competent cells. All plasmid DNA 20 extractions were performed using FastGene Plasmid Mini Kit (Wako Nippon Gene Co., Ltd.). The 21 large-scaled plasmid purification was performed using CsCL2-ethidium bromide gradient purification 22 method as described previously (Sambrook and Russell, 2001) . The multiple sequence alignment was performed with the ClustalW program 1 (http://www.genome.jp/tools-bin/clustalw) using default parameters to compare the OAS proteins 2 from the following species; Gallus gallus (chOASL, BAB19016.1), Anser cygnoides (goOASL, 3 ANW12075), Anas platyrhynchos (duOASL, ANW12076), Struthio camelus australis (osOASL, 4 XP_009671383) and ostrich OAS3, XP_009667960 "named osOAS1 in this study"). The output was 5 embellished using BOXSHADE 3.21 software (www.ch.embnet.org/software/BOX_form.html).
6
Conserved domain analysis in the protein was performed using motif search 7 (http://www.genome.jp/tools/motif/). The evolutionary history was inferred using the neighbor-8 joining method. The percentage of replicate trees, in which the associated taxa clustered together in 9 the bootstrap test (500 replicates), is shown next to the branches. The tree is drawn to scale with 10 branch lengths (next to the branches) in the same units as those of the evolutionary distances used to 11 infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction 12 method and were expressed as the units of the number of amino acid substitutions per site.
13
Evolutionary analyses were conducted using MEGA7 software (Kumar et al., 2016) (1/5,000) horse radish peroxidase-conjugated goat anti-mouse antibody in PBS-Tween-20 at RT for 1 1 h, and washed 3 times with PBS-Tween-20 for 10 min each. The immune-reactive bands were 2 detected by ECL™ Western Blotting Detection Reagents (GE Healthcare UK Limited, Little Chalfont, 3 UK) according to manufacturer's protocol. Aldrich) diluted to 1:1,000 in the blocking buffer for 1 h at RT, followed by washing three times (5 9 min each) with 1X washing buffer. Cells were then incubated with the secondary antibody (Alexa 10 Fluor 568-conjugated goat anti-mouse IgG, Gibco/Invitrogen) diluted in PBS for 1 h at RT, followed 11 by washing three times (5 min each) with 1X washing buffer. Finally, cells were incubated with DAPI 12 in PBS for 5 min at RT for the nuclei counterstaining, followed by washing two times (5 min each) 13 with 1X washing buffer and then, the fluorescence images were captured using a BZ-X700 All-in- 14 One Florescence Microscope (KEYENCE, Osaka, Japan). The sequence results demonstrated that the full length of duOASL (KU569292), goOASL 5 (KU569293) and osOASL (XM_009673088) mRNA were 1,689, 1,649, and 1,640 bp with open 6 reading frame of 1,512, 1,527, and 1,590 bp, encoding 503, 508, and 529 amino acids with predicted 7 molecular weight of 57.44, 58.09, and 59.4 kDa, respectively. The sequence alignment showed that 8 duOASL, goOASL, and osOASL mRNA exhibited 76%, 76%, and 73% homology to chOASL-A 9 mRNA, respectively. Moreover, duOASL, goOASL, and osOASL proteins exhibited 64%, 64%, and 10 63% homology to chOASL-A protein, respectively. The sequence alignment between duOASL and 11 goOASL mRNA showed 88% homology as well as both mRNA showed 75% homology to osOASL 12 mRNA. In addition, the protein sequence alignment between duOASL and goOASL showed 80% 13 homology as well as both proteins showed 64% homology to osOASL. Domain structure analysis of 14 duOASL, goOASL, and osOASL showed that these proteins were OAS-like proteins conserving three 15 main domains, nucleotidyltransferase, OAS1_C, and two ubiquitin-like domains, UBL1 and UBL2, 16 whereas the osOAS1 possessed only the nucleotidyltransferase and OAS1_C domains similar to 17 OAS1 protein family.
18
The phylogenetic tree was constructed by using neighbor-joining analyses based on various 19 species OAS proteins (Fig. 1) . Both avian and mammalian OASL families descend from the same 20 ancestor B. All avian OASL families descend from the same ancestor F and show high homology 21 each other than the mammalian OASL families which descend from the ancestor E. The goOASL and 22 duOASL show high homology each other than the other avian OASL proteins. On the other hand, 23 chOASL protein is more closely related to the quail and turkey OASL proteins than duOASL and 24 goOASL. Moreover, osOASL protein shows higher homology and evolutionarily more closely related 25 to pigeon, parrot, crows, and zebra finish OASL proteins. The avian and mammalian OAS1 family is 26 considered to be a different member from the OASL family, where mammalian OAS1 family makes 1 cluster D and makes further cluster C with osOAS1. These results are consistent with the evolution 2 theory proposed by Perelygin et al. (2006) . The results of the RNase L activation assay showed that lysates from BHK-21 cells transfected 16 with duOASL, goOASL, osOASL, osOAS1, and chOASL-A emitted fluorescence as little as did the 17 negative control (non-transfected and pIRES-EGFP-transfected BHK-21 cells) in all time points, 18 indicating that ectopically expressed proteins were all unable to activate RNase L (Fig. 3) . On the 19 other hand, when BHK-21 cells were stimulated with the IFN, the RNase L activity was significantly 20 up-regulated. The 2'-5'-OAS gene, one of the most important type I IFN-stimulated genes, is initiated and 3 triggered inside the cell upon the stimulation by IFN secreted from the virus-infected cells (Der et al., 4 1998; Sadler and Williams, 2008; Santhakumar et al., 2017) . Four major types of OAS genes (OAS1, 5 OAS2, OAS3, and OASL) are almost conserved in all mammals (e.g. human, mouse, rat, cattle, pig, 6 horse, etc.); however, some of the OAS genes have been lost, transformed to pseudo-genes, or 7 undergone duplication during mammalian evolution (Justesen et al., 2000; Kjaer et al., 2009; 8 Perelygin et al., 2006) . On the other hand, in aves up-to-date, the only well characterized OAS gene 9 is chOASL (Tatsumi et al., 2002 and 2003; Yamamoto et al., 1998) . Recently, we have reported that (OAS1, OAS2, OAS3, and OASL) , the avian taxa possess decreasing or limiting OAS genes 22 during the evolution process. In all known avian genome database there is no evidence for the 23 presence of OAS1, OAS2, and OAS3 genes (Perelygin et al., 2006) . Magor et al. (2013) discussed this 24 theory for other missing genes in avian taxa such as TLR8 and ISG15 genes. Furthermore, based on 25 database for OAS proteins of almost all avian species except for the ostrich, we can find only one 26 18 OAS protein, OASL that possesses both enzymatic and antiviral activities. On the other hand in 1 ostrich, we can find two different OAS proteins, osOASL (XP_009671383) and osOAS1 2 (XP_009667960), indicating the duplication of the small OAS proteins into osOAS1 and osOASL, 3 resulting in a unique evolutional process from the other avian species. Moreover, the osOAS proteins 4 show development of a semi-functional specification not seen in the other avian species; osOAS1 5 possesses enzymatic activity but not antiviral activity, whereas osOASL possesses antiviral activity 6 but little enzymatic activity (Fig. 2B; Fig. 4D and E and Fig.5 ).
7
During infection, activation of OAS proteins result in OAS-pathogen interaction through direct 8 or indirect pathways. The classical antiviral OAS/RNase L pathway or the enzymatic activity results 9 in viral and cellular RNA degradation including ribosomal RNA within infected cells, subsequently 10 effectively inhibits the viral replication (Silverman, 2007) . In the current study, we investigated the 11 classical OAS/RNase L activity. We demonstrated that duOASL, goOASL and osOAS1 proteins 12 showed enzymatic activity resembling chOASL-A to convert the ATP into mono, di, tri, and tetra 2'-13 5'(A)s, except for the osOASL protein which expressed very low enzymatic activity ( Fig. 2B and 4A -14 E). Similarly, Sokawa et al. (1984) conducted one of the most earlier studies with avian species, where 15 they investigated the 2'-5'-oligoadenylate synthetase activity in erythrocytes. They found that all 16 studied avian species (chicken, goose, and pigeon) expressed 2-5A synthetase in erythroid cells. In 17 the current study, the conserved domain analysis in the OAS unit of duOASL, goOASL, osOASL as 18 well as osOAS1 showed high homology to those of chOASL-A ( Fig. 7 A and B) . However, the LxxxP 19 domain that is important for the enzymatic activity of OAS proteins showed one amino acid 20 substitution in osOASL protein in position 8 from proline to threonine (P8T). This amino acid 21 substitution may be the underlying reason for the partial deactivation of osOASL enzymatic activity 22 ( Fig. 2B and 4E) . Similarly, Ghosh et al. (1997) indicated that the generated mutation P7T in LxxxP 23 domain of mouse 9-2 OAS protein resulted in almost 60% deactivation of the enzymatic activity 24 compared with the unmutated protein. However, this mutation seems to have more stronger effects 25 on the OASL proteins, where it is resulted in a severe deactivation of osOASL enzymatic activity.
26
In respect of the alternative OAS/RNase L-independent pathway, where the OAS proteins may 1 interact directly with the pathogens, previous reports indicated that huOASL/a, mOas1b and chOASL 2 display antiviral activity against WNV. Moreover, this viral inhibitory function was independent of 3 the RNase L activity (Kajaste-Rudnitski et al., 2006; Kristiansen et al., 2011; Marques et al., 2008; 4 Moritoh et al., 2009; Perelygin et al., 2002; Scherbik et al., 2007; Tag-EL-Din-Hassan et al., 2012 5 and 2017; Zhu et al., 2014) . Results obtained in the current study showed that duOASL, goOASL, 6 and osOASL express the antiviral activity against WNV-replicon replication to the similar extent to 7 chOASL-A, except for the osOAS1 which was similar to control groups (Fig. 5A) . Moreover, the 8 antiviral activity was found to be independent of the enzymatic activity, where all proteins were 9 unable to activate the RNase L (Fig. 3) , and all proteins were localized into cytoplasm (Fig. 6 ) similar 10 to both chOASL and mOas1b proteins (Tag-EL-Din-Hassan et al., 2012 and 2017) .
11
However, few previous reports have indicated that duck and goose as well as ostrich show 12 susceptibility to WNV infection. However, almost all these studies conducted infection experiments 13 using juveniles after hatch, where the immune system was not completely developed. Furthermore, 14 all of these studies illustrated the roles of avian ages that consider to be one of the most important 15 undeniable factors during WNV infection and have a great significant effect on the variability of 16 WNV pathogenesis outcome (James and Mertyn, 2008) . Generally, nestling and juvenile birds 17 showed more susceptibility to mosquito-borne viral infections, where they were not fully feathered 18 and could not show the defensive behavior, thus, it could be more susceptible to mosquito bites which 19 increased viral infection load and pathogenesis (Pérez-Ramírez et al., 2014) , in parallel with the fact 20 that WNV highly replicated in the feather pulps (Docherty et al., 2004) . Moreover, Lowenthal et al.
21
(1994) have indicated that although the initiation of development of avian immune system occurs 22 during the embryogenesis, it is not completely developed until weeks after hatch depending on the 23 avian species (up to 14 wks). As well, the temporary susceptibility of young duckling (Hofmeister et 24 al., 2015; Komar et al., 2003 Shirafuji; et al., 2009 et al., ), gosling (Austin et al., 2004 Komar et al., 2003; 25 Swayne et al., 2001 ), ostriches (Allwright et al., 1995 , and chicks had declined by age and these this study spotlight the importance and reconsideration of the avian OAS proteins as an antiviral factor. 1 Further investigation is required to uncover the mechanism underlying the antiviral properties of 2 avian OAS proteins against flavivirus infection, which will contribute to the understanding and 3 control of the spread flavivirus infection in avian species. 
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